Abstract -Positron range depends on the materials in which positron propagates and on positron emitter isotope. As positron range limits the spatial resolution of PET images, good quantitative estimates of it should be included in any realistic simulation of PET acquisitions. In this work we compare positron range estimates obtained with PeneloPET to previous available simulations and experimental data. PeneloPET was used to simulate the positron range of 18 F, 11 C, 13 N, 15 O, 68 Ga and 82 Rb in the following tissues: cortical bone, soft bone, skin, muscle, brain, water, adipose tissue and lung. The 3D and 1D annihilation Point Spread Functions (aPSF) were calculated for each isotope-material combination. We have studied with more detail the 3D aPSF (radial distributions) and the cumulative fraction of annihilation events. These aPSF distributions were also studied for non-uniform media. Results obtained were consistent with other results previously reported in the literature as well as with experimentally measured data.
I. INTRODUCTION
OSITRON RANGE limits the spatial resolution of PET images and has a different effect for different isotopes and positron propagation materials. Early experimental efforts to measure the distribution of annihilation points for medically important positron emitters in water were of limited accuracy since the detector resolution were comparable to the positron range effect of interest [1] . The difficulty to the experimental measurement of positron range led to the use of Monte Carlo simulations to estimate positron range [2] - [5] . These studies share the limitation of having only used water as a reference medium for positron interaction. Therefore, these simulations results in clinical practice can be rather misleading since positron interaction with matter depends on tissue density and atomic composition of the positron propagation material. Thus, it is expected that the blurring introduces by positron range will vary in size and shape depending of the kind of tissue in which the positron is propagated [6] , [7] . The goal of this work has been to assess the positron range estimates for the most common isotopes in various human tissues using PeneloPET [8] .
II. METHODS

A. Positron range modeling
For a given radioactive point source emitting positrons in random directions, the 3D Cartesian coordinates (x,y,z) can be registered for each annihilation event and then provide 3D annihilation Point Spread Function (aPSF). A theoretical model for this 3D distribution was proposed by Palmer and Brownell [9] . In their work, for a point emitter of monoenergetic positrons (with energy E 0 < 4 MeV) in an isotropic media, the aPSF can be represented by a threedimensional Gaussian distribution [9] .
Following the theoretical model proposed by Palmer and Brownell [9] , the aPSF for a point source beta emitter in an isotropic medium can be characterized by the following expression [9] :
Where the energy spectrum of the beta source is denoted by N(E 0 ), r is the radial distance from the origin and σ is the standard deviation for a given energy E 0 .
The following radial histograms can be also obtained for each isotope -material combination:
The function (2) represents the radial histogram weighted by the total number of counts given for a certain radial distance.
The 3D cumulative distribution G 3D (r) (equation 3) can be also obtained for the aPSF (r).
With the projection of the aPSF(r) onto a plane XY we can obtain the 2D distributions g 2D (r), which is the radial histogram weighted by the number of counts given for a certain radial distance in the projection onto the plane XY, and G 2D (r), which is the cumulative distribution in 2D.
Other authors compute the following two 1D distributions for this aPSF. The first one is the projection onto one dimension (aPSF sin ), for example the x direction, which is the distribution that contributes directly to the sinogram [10] . [10] .
The second one is the 1D profile, at the maximum, of the projection onto the xy plane (aPSF img ) [10] . 
This distribution contributes directly to the image spatial resolution [10] , and is calculated in the experimental work of Derenzo [1] and in the simulations performed by Blanco [10] .
The above mentioned 1D distribution could be characterized by a fit to the sum of two exponential functions [1] :
; x ≥ 0 (6) Where C, k 1 and k 2 are fitting parameters. Of these fitting parameters, k 1 is strongly dependent of the bin size, and then does not have a relevant physical significance. On the other hand, k 2 , that represents the broad exponential constant it is rather independent of bin size and thus it is a good parameter to compare results from other authors.
B. PeneloPET simulation for a homogeneous medium
PeneloPET was used to simulate the positron range of 18 F, 11 C, For each combination isotope -material investigated, a large number of 10 6 disintegrations were generated. The aPSF(r), aPSF sin and the aPSF img were obtained, and these histograms were fitted to the sum of two exponential functions show in equation (6) .
The g 3D (r), G 3D (r), g 2D (r) and G 2D (r) were also calculated with PeneloPET simulations for each isotope -material combination.
In order to compare our results with the ones obtained by other authors, it is of interest to compute the fraction of annihilations within a sphere or radius r (3D cumulative distribution) or in the projection inside a circle of radius r (2D cumulative distribution).
C. PeneloPET simulation for non-uniform media
Two different simulations with non-uniform media were performed in PeneloPET. The first one consists in a 68 Ga point source placed in the centre of a 2 mm bone tissue sphere, with a concentric 5 cm water sphere. In the second simulation, the 68 Ga point source was placed in the centre of a 5 mm lung tissue sphere, with a concentric 5 cm water sphere. Table I shows the k 2 values obtained with the PeneloPET simulation for different isotope -material combinations. Figure 1 (top) shows the k 2 values obtained with the fitting to the sum of two exponential functions, for the aPSF sin distribution, as a function of the E max energy for the different isotopes simulated with PeneloPET; the comparison with other values found in the literature is also shown. These k 2 values were also obtained as a function of the density of the materials simulated (see figure 1, bottom) . Figure 2 shows the fraction of annihilation events within a sphere of radius r for different isotopes (left) and materials (right). Figure 3 shows g(r) and the accumulated distributions calculated for the two non-uniform media PeneloPET simulations.
III. RESULTS
A. 1D Distribution: aPSF sin
B. 2D and 3D cumulative distributions
C. Results for the simulation of non-uniform media
IV. CONCLUSIONS AND FUTURE WORK
Predictions of PeneloPET for positron range are compared to different approaches given in the literature for several isotope-material combinations.
Results were consistent with other simulations, except for the case of Champion's when positronium formation is considered, in which case peneloPET seems to under predict range effects. However, the comparison to experimental data of Derenzo [1] shows that peneloPET agrees with experiment within 10%. The positron range distributions were also studied for non-uniform media.
Further comparison to experimental data will be performed, as well as a more detailed study of positronium influence in positron range. 
